Satellite-sensed advanced very high resolution radiometer (AVHRR) sea surface temperature (SST) data over eight summers (1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991) 
INTRODUCTION
With the increasing availability of satellite sea surface temperature (SST) data, it has become possible to use satellite data to monitor SST variability in both space and time, improving vastly on the very limited spatial coverage offered by ship observations. Off the west coast of Vancouver Island, SST images of the summer coastal upwelling were used to study baroclinic instability [Emery and Mysak, 1980] , eddies, upwelling events and coastal currents [lkeda and Thomson and Gower, 1985; Burgert and Hsieh, 1989] and to compare with numerical modeling results . Thomson et al. [1989] gave a general description of the circulations off Vancouver Island, showing the spatial and temporal variability of the coastal current and its effects on the coastal fishery. Former studies related to the SST variability off Vancouver Island used satellite data mainly for descriptive purposes by examining individual images over a short period. In this study, the nearly cloud-free SST data extending over eight summers were used to study the longer term SST variability.
Empirical orthogonal function (EOF) analysis (also known as principal component analysis) is generally regarded as the most efficient way to extract information from large data sets. For the past few years, EOF analysis has been used to extract dominant satellite SST patterns 1Also at South China Sea Institute of Oceanology, Academia Sinica, Guangzhou, China. [Kelly, 1985; Lagerloef and Bernstein, 1988; Paden et al., 1991] . There are several ways to calculate the EOFs, but no matter which method is used, the solution is unique for the nonmissing data [Kelly, 1988] . While the analysis methods are the same whether a temporally averaged mean or a spatially averaged mean is first removed from the data set, different EOFs are obtained [Paden et al., 1991] . Lagerloef and Bernstein [1988] suggested that for satellite images where spatial features tended to be persistent or only weakly time varying, spatial EOFs (i.e., EOFs performed on data with their spatial means removed) were more appropriate than temporal EOFs, which mainly explained structures with strong temporal variability. This property was also found by Paden et al. [1991] while using EOFs to analyze the patterns of SST variability in the Gulf of California in relation to tidal and wind forcing.
In this paper, the purpose is to identify the dominant patterns of summer SST variability off Vancouver Island using EOFs, and to study the seasonal and interannual variability in the coastal upwelling. This paper is organized as follows:
Section 2 introduces the collection and processing of advanced very high resolution radiometer (AVHRR) SST data. After briefly describing the EOF method in section 3, we show the dominant EOF modes and relate them to oceanographic structures in section 4. Section 5 presents the coolness index derived from the SST images, while section 6 performs correlation analysis between the time series of EOF temporal amplitudes and various indices which affect the SST in the study region.
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In this study, the primary data source was satellite imagery from polar-orbiting NOAA satellites. The Universi-ty of British Columbia (UBC) Satellite Oceanography and Meteorology Laboratory has received and processed 133 nearly cloud-free AVHRR images off Vancouver Island during eight summers (1984-1991) via these NOAA satellite series. All satellite images were navigated (i.e. corrected for distortion and registered to a map), and were nudged (i.e., entire image shifted to fit map overlap) to correct for receiving system timing errors or satellite altitude errors. The accuracy of the navigation was about 1 pixel (1.1 km). The navigation and cloud detection techniques used in this study were described in Emery et al. [1986] . Only infrared images from band 4 (10.3-11.3 gm) were converted to brightness SST [Lauritson et al., 1979] . Since SST variability rather than absolute SST is important in this study, no correction was made for the atmospheric water vapor effect on the infrared temperature.
The irregular temporal coverage of the images might cause serious aliasing as some short-term events might be missing in the satellite data. However, there is little doubt that the main variability features can be covered by the satellite data, as discussed in Kelly [1985] . In our study, we focus on the larger scale and longer term SST variability, so the effects from the irregularity of time series may not be too serious. A limited test on the seriousness of missing temporal coverage will be shown in section 5.
The study area (Figure 1 ) is about 350 km alongshore by 150 km offshore, coveting the entire continental shelf and slope region off Vancouver Island. For the convenience of computation and analysis, we resampled the spatial grids (Figure 2) , so that the SST spatial resolution changed from the original 1.1 km by 1.1 km pixel to 1.5 km by 1.5 km. A spatial weighted moving filter matrix 121 F= 1 2421
1612
(1) was used to smooth the SST data and to reduce small scale image noise [Wang et al., 1983] . Each selected image was at least 85% cloud-free over the study region. There were 105 by 253 spatial data points over the study area. The data were arranged into a two-dimensional array T(x,t), where x and t were the spatial and temporal indices, respectively.
Tim EOF METHOD
The application of EOF analysis to satellite infrared data has previously been presented by Kelly [1985 In order to explicitly decompose just the spatial or just the temporal variability of SST, one of two different means must be removed from T(x,t) before calculating the data covariance matrix. To study the strongly temporal patterns associated with warming or cooling of some study area, temporally averaged mean at each point is removed from the data, i.e., In Figure 3a , the cool water band along the northwest Instead, the asymptotic theory for large data sets can be used [Preisendorfer, 1988, (ab) '/2 replaced by a plus sign), we found that the first 13 EOF modes were above the 99% significance level. In summary, the first four gradient EOF modes, altogether accounting for 60% of the SST variance, represented some of the well-known features in the region. The first mode closely resembled the mean summer upwelling pattern, the second, the topographically controlled upwelling, the third, the squirt off Brooks Peninsula, and the fourth, the northern plume off Cape Scott. Figure 5 shows the temporal amplitude averaged over the particular summer months during 1984-1991. The temporal amplitude for mode 1 increases monotonically from June to September, revealing the intensification of the mode 1 pattern (Figure 3a) as the summer progresses. Mode 2 also intensifies from June, peaking in August. Mode 3 shows a decline in the temporal amplitude in August and especially in September, implying a decrease in the likelihood of a strong squirt off Brooks Peninsula as summer progresses.
The temporal amplitudes for the EOFs were also averaged over each summer ( In order to compare with the gradient EOFs, covariance EOFs (i.e., with the temporal mean removed from the data as in (2)) were also calculated. The first three covariance EOF modes (not shown) accounted for 55.8, 6.9, and 6.6 % of the total variance, respectively. The covariance EOF As the satellite data are available only during cloud-free periods, we have to question the reliability of our summer upwelling index. To test the interference of clouds, we deliberately computed C with data missing at a 2-week period during different times in each summer. Figure 8 shows that the fluctuations of these C values computed with missing data were in general smaller than the interannual variability in C, therefore giving us confidence that the interannual variability in C observed was above the noise generated by missing data from cloudy periods. Figure 8 also shows that missing data in June (when upwelling was still immature) tended to result in C being shifted higher, whereas missing data in September (when upwelling was mature) tended to result in C being shifted lower.
The coolness index C covers two E1 Nifio events (1986-1987 and 1991-1992) . As the strongest C occured in the summers of 1986 and 1991, this suggests that the C index leads the E1 Nifio events. This result was tested by calculating the lagged correlation between the C index and the seasonal Southern Oscillation Indices (SOI) (i.e., the Fuca, which diminishes the overall coolness index of our study region, hence the observed negative correlation between discharge and C. Discharge was also negatively correlated with the EOF amplitudes in Table 2 except with mode 3, where the marginally significant positive correlation suggests that strong discharges tended to concur with the appearance of the cold squirt off Brooks Peninsula. Correlations between Bakun upwelling indices and our EOF temporal amplitudes showed that SST in our study region was significantly influenced by the Bakun index to the northwest of our domain but insignificantly by the Bakun index immediately to the south of our domain. That the wind (as represented by the Bakun index) to the north had a greater influence than the wind to the south of our region could be explained by the fact that modes 3 and 4 had plumes extending southwestward from Brooks Peninsula and Cape Scott, both in the northern part of our domain. These SST EOF time series can potentially be used as new upwelling indices, providing a measure of the fine features of coastal upwelling, which the Bakun index, based on large-scale geostrophic wind, cannot.
From these images, we also constructed an overall coolness index C, measuring the coolness of the coastal upwelling region relative to the offshore region. The negative correlation between C and the Fraser River discharge tends to suggest that high discharge concurs with warmer SST in our study region. Interannual variability in the average value of C over each upwelling season revealed the summers of 1986 and 1991 to have the coolest coastal water. These two cool anomalies slightly preceded the last two ENSO events (1986-1987 and 1991-1992) .
